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A murine pulmonary model was used to study the mucosal immune response to Shigella flexneri serotype 2a
infection. Inoculation of BALB/cJ mice with shigellae via the intranasal route resulted in bacterial invasion of
bronchial and alveolar epithelia with concomitant development of acute suppurative bronchiolitis and subse-
quent development of lethal pneumonia. The pathology of pulmonary lesions resembled the colitis that
characterizes shigellosis in humans and primates. Significant protection against a lethal dose of S. flexneri 2a
was observed in mice previously infected with two sublethal doses of the homologous strain. Inmunity against
lethal challenge was associated with decreased bacterial invasion of the mucosal epithelium. Over the course
of two sublethal challenges, which constituted primary and secondary immunizations, mice developed pulmo-
nary and serum immunoglobulin G and A antibody recognizing both lipopolysaccharide and invasion plasmid
antigens IpaB and IpaC. Immune mice and naive control mice differed in lung lavage cytokine levels following
lethal challenge. Immune mice developed significantly elevated levels of pulmonary gamma interferon within
6 h of challenge, while naive control mice developed elevated levels of this cytokine later during the initial 24-h
period. Both groups had elevated levels of gamma interferon during the 24- to 48-h period of infection. Both
groups also had elevated levels of tumor necrosis factor alpha within 6 h of challenge, but the control mice had
significantly higher levels at the 48- and 72-h time points. Elevated levels of interleukin-4 were observed only
in immunized mice. This cytokine appeared within 24 h and receded between 48 and 72 h. Fluorescence-
activated cell sorter analysis of lung parenchymal cells showed that both groups experienced an initial influx
of monocytes, but the proportion of this cell type began to recede in immunized mice after 48 h of infection,
while peak levels were maintained in the control animals. These studies suggest that elements of local B
lymphocyte activity, as well as Th, and Th, lymphocyte activity, may contribute to the survival of immune mice

after intranasal challenge with shigellae.

Mus musculus, the laboratory mouse, is the animal of choice
for most experimental medical research. Inbreeding of mouse
strains enhances experimental reproducibility, and strains with
well-described genetic anomalies facilitate the characterization
of the immune response to infection on a molecular level.
Unfortunately, utilization of the mouse for studies of the im-
munobiology of shigellosis has been complicated by the inabil-
ity of virulent Shigella spp. to colonize the intestinal tract or to
elicit overt disease in rodents. Streptomycin treatment renders
mice susceptible to transient asymptomatic intestinal coloniza-
tion with dysentery bacilli (6), and there is a progressive de-
crease in the duration of fecal shedding when antibiotic-con-
ditioned mice are given multiple intragastric inoculations of a
streptomycin-resistant Shigella flexneri strain (13). Although
the latter studies helped to establish the principle of mucosal
immunity in protection against shigellosis, the requirement for
streptomycin-resistant strains and the absence of overt intesti-
nal disease have discouraged the use of intragastric challenge
of mice as a model of bacillary dysentery.

While attempting to develop a lagomorph model of intesti-
nal shigellosis, it was discovered that organisms accidentally
introduced into the lungs of rabbits elicit focal pneumonia.
Voino-Yasenetsky and Voino-Yasenetskaya subsequently
found that pneumonia could be induced experimentally by
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intranasal challenge of mice (26). Virulent strains were iso-
lated in pure culture from diseased lungs, and the lethality of
Shigella strains administered intranasally correlated with viru-
lence in humans. Shigellae were also detected within tracheal
and bronchial epithelial cells of infected mice (26). Invasion of
intestinal epithelial cells was subsequently established as an
essential virulence mechanism of Shigella species (10, 25).

The mouse lung can be considered a simplified model for the
study of the pathogenesis and immunobiology of Shigella in-
fection. For example, the pulmonary epithelium in the tracheo-
bronchial tree is simple ciliated columnar epithelium with tran-
sition to simple cuboidal epithelium in the alveolar sacs (2). In
addition, the bronchial wall contains occasional lymphoid fol-
licles or aggregates of follicles that are similar to the Peyer’s
patches of the intestine (22). Thus, the bronchus constitutes a
mucosal surface with some characteristics of the intestinal ep-
ithelium. Like the intestine, the lung is a lymphoid organ with
antigen-presenting cells, T helper and suppresser lymphocytes,
and B lymphocytes (22). The local and systemic immune re-
sponse to Shigella infection can be accurately evaluated after
intranasal challenge of mice because the host is immunologi-
cally naive with respect to Shigella antigens, and the absence of
a resident bacterial flora in the bronchial lumen means that
lung tissue is not primed by previous exposure to other gram-
negative bacteria.

The intranasal challenge model is amenable to many tech-
niques that are employed in the evaluation of systemic and
local immune responses (24). In the current study, for example,
inflammation elicited by Shigella invasion of the pulmonary
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epithelium was evaluated histologically and by fluorescence-
activated cell sorting (FACS). Local and systemic antibody
responses against either the serotype 2a polysaccharide so-
matic antigen (associated with serotype-specific immunity in
intragastrically challenged rhesus monkeys) (5) or protein-
aceous invasion plasmid antigens (Ipa) (3) were studied after
primary and secondary stimulation with S. flexneri serotype 2a.
In addition, cytokine responses (gamma interferon [IFN-v],
tumor necrosis factor alpha [TNF-«], and interleukin-4 [IL-4])
in naive and immunized mice were compared. These studies
illustrate the potential of the mouse intranasal challenge
model for characterization of cellular and humoral immune
responses protecting against Shigella infection in mucosal ep-
ithelia.

MATERIALS AND METHODS

Bacterial inoculum. S. flexneri 2a strain 2457T (10) was used for immunization
or challenge of mice. The inoculum was subcultured from lyophilized, Serény
test-positive cultures (7) that were streaked for isolation on Trypticase soy agar
plates (Difco Laboratories, Detroit, Mich.) containing 0.01% Congo red. The
plates were incubated overnight at 39°C, and Congo red-binding colonies (de-
noting the expression of plasmid-encoded Shigella virulence determinants) (20)
were transferred to 50 ml of Penassay broth (Difco). The cultures were incubated
with shaking at 37°C for 4 h and harvested by centrifugation. The bacteria were
then resuspended in normal saline and standardized spectrophotometrically.

Intranasal inoculation of mice. Eight-week-old BALB/cJ female mice weigh-
ing approximately 25 g (Jackson Laboratory, Bar Harbor, Maine) were sedated
by intramuscular injection of a mixture of 0.3 mg of xylazine hydrochloride
(Rompun; Mobay Corp., Shawnee, Kans.) and 1.0 mg of ketamine hydrochloride
(Ketaset; Aveco Company, Fort Dodge, Iowa) in 50 ul of saline. A bacterial
suspension (30 wl) was applied drop-wise on the external nares of each mouse
with a 100-p]l Hamilton syringe. Groups of 15 to 20 mice were challenged twice
with approximately 10° CFU. This inoculum of invasive shigellae typically caused
a transient weight loss of 2 to 4 g with catheresis and cutis anserina as described
for mice inoculated with attenuated S. flexneri vaccine strains (12); however, fatal
pneumonia ensued in only about 10% of the challenged animals. Control mice
were inoculated intranasally with 30 pl of normal saline. The animals were
inoculated on day 0, or on days 0 and 28, for studies of local antibody and
antibody-secreting cells (ASC). Time course studies of cytokine production and
FACS analysis of pulmonary inflammatory infiltrate were performed on groups
of animals that had been inoculated on days 0 and 28 and challenged with
approximately 5 X 10° CFU 35 days later. For studies of the immune protection,
mice were inoculated on days 0 and 28 and challenged with approximately 107
CFU (2.2 50% lethal doses) 35 days later. Protective efficacy was calculated as
{[(percent deaths of controls) — (percent deaths of immunized mice)] + [per-
cent deaths of controls]} X 100. This research was conducted in compliance with
the Animal Welfare Act and with other federal statutes and regulations relating
to animals and experiments involving animals and adheres to principles stated in
the Guide for the Care and Use of Laboratory Animals (18a).

Sampling of immune response. For antibody detection, lung lavage samples
were collected 1, 2, and 4 weeks after the first sublethal intranasal challenge and
1, 2, 5, and 6 weeks after the second sublethal challenge. For cytokine studies,
lavage fluid was collected at selected intervals within 72 h postchallenge. Mice
from experimental and control groups were euthanized by CO, inhalation. Blood
for serology was collected by cardiac puncture, and the lungs were removed from
the chest cavity. Pulmonary lavage was performed by inflating the lungs with 0.6
ml of cold RPMI 1640 (Gibco, Gaithersburg, Md.) and by withdrawing the fluid
through the trachea. Lavage fluids were maintained at 4°C and centrifuged to
remove cellular debris. Sera and lavage fluids were stored at —70°C until used for
antibody and cytokine studies. Splenocytes for ASC studies were harvested from
spleens of euthanized mice by mincing and teasing the tissue, which was then
forced through 80-mesh screens to disrupt large fragments and treated with
ammonium chloride to lyse erythrocytes. Splenocytes were washed in RPMI 1640
with 50 pg of gentamicin per ml and used in enzyme-linked immunospot (ELISpot)
assays. Lung parenchymal cells for FACS analysis were prepared by finely minc-
ing pooled lungs from each experimental group. The resultant tissue suspension
was processed in the same manner as that for teased spleens except that phos-
phate-buffered saline was used for the washing steps.

Enzyme-linked immunosorbent assay (ELISA). Test wells of 96-well polyvinyl
microtiter plates were coated with 0.5 pg of hot water-phenol (27)-extracted S.
flexneri 2a lipopolysaccharide (LPS) in 50 ul of carbonate buffer (pH 9.6); blank
wells were coated with buffer alone. Lung lavage fluid was added in 50-ul
volumes to paired test and blank wells. Sera were serially diluted in twofold steps
in paired wells beginning with a dilution of 1:20. The microtiter plates were then
incubated overnight at 4°C. Bound antibodies were detected by incubation with
alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G (IgG), IgA,
or IgM and then by development with p-nitrophenyl phosphate substrate
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FIG. 1. Survival of mice challenged intranasally with a lethal 107 CFU dose
of S. flexneri 2a (see Materials and Methods). Symbols: @ and A, immunized mice
surviving two sublethal intranasal challenges with 10° CFU of S. flexneri 2a; O
and A, control mice sham inoculated twice with saline. Results of two separate
experiments are presented.

(Kirkegaard & Perry, Gaithersburg, Md.). The optical density at 405 minus 570
nm was recorded, and blank well readings were subtracted from corresponding
test well readings to yield net optical density results. For sera, the endpoint titer
was the highest dilution yielding a net optical density of 0.100 or greater (1).

ASC. Spleen cells were resuspended to a density of 2.5 X 10%ml in complete
medium consisting of RPMI 1640 supplemented with 2 mM L-glutamine, 50 pg
of gentamicin per ml, and 10% fetal bovine serum (Gibco). ASC were detected
by a modification of previously published ELISpot methods (4). One-hundred-
microliter volumes of the cells were allowed to incubate for 4 h at 37°C in
microtiter wells (Immunoplate I; Nunc, Roskilde, Sweden) coated previously
with 1 pg of S. flexneri 2a LPS in carbonate buffer. Each sample was tested in
quadruplicate. The plates were washed, and the wells were incubated with alka-
line phosphatase-conjugated goat anti-mouse IgG, IgA, or IgM overnight at 4°C.
Spots representing ASC were visualized by the addition of molten agarose (type
I, low EEO; Sigma Chemical Co., St. Louis, Mo.) containing 100 pg of 5-bromo-
4-chloro-3-indolyl phosphate (BCIP) substrate (Sigma) per ml. Spot-forming
cells were counted with a stereomicroscope and recorded as the number of ASC
per 10° splenocytes.

Western blots (immunoblots). Whole-cell lysates of S. flexneri serotype 5
strains M90T and M90T-55 (virulence plasmid negative) (17) were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted onto nitrocellulose sheets (Hoefer Scientific Instruments, San Francisco,
Calif.). The blots were incubated either in serum pooled from five animals
(diluted 1:200 in casein filler) or in pooled lavage fluids (diluted 1:5 in casein
filler), then in goat anti-mouse IgG or IgA conjugated to alkaline phosphatase
and, finally, in fast red substrate (Sigma). Ipa proteins recognized by serum or
lavage antibodies were identified by comparing immunoblot patterns of Ipa-
expressing strain M90T with those of strain M90T-55, which does not express
these proteins.

Cytokines. Commercially available kits were used to quantify TNF-a, IFN-y
(Genzyme, Cambridge, Mass.), and IL-4 (Endogen, Boston, Mass.) in lung la-
vage fluids and in sera.

FACS analysis. Suspensions of lung cells were stained with anti-Mac-1 mono-
cyte-specific antibody (Boehringer-Mannheim Corp., Indianapolis, Ind.) and an-
alyzed on a FACSort (Becton Dickinson Immunochemistry Systems, San Jose,
Calif.). Isotype control reagents (Biomedical Products, Morris Plains, N.J.) were
employed for specificity control.

Histology. Animals were euthanized by CO, inhalation. The lungs were re-
moved and perfused with 10% buffered formalin phosphate (Fisher, Pittsburgh,
Pa.), dehydrated, and processed in paraffin. Sections were cut at 3 um and
stained with hematoxylin and eoxin or Giemsa.

Statistics. Frequencies were compared by chi square, and continuous variables
were compared by the Wilcoxon signed-rank test by use of StatView (Abacus
Concepts, Inc., Berkeley, Calif.). P values of <0.05 were considered statistically
significant.

RESULTS

Protection against lethal pneumonia after intranasal chal-
lenge with S. flexneri. Mice that had survived two sublethal
challenges with S. flexneri 2a were protected against subse-
quent intranasal challenge with a 107 CFU dosage that caused
lethal pneumonia in control mice (Fig. 1). In replicate exper-
iments, levels of protection of 56 and 79% were demonstrated.
A single sublethal pulmonary Shigella infection did not elicit
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significant protection against a subsequent intranasal challenge
with a lethal dose of shigellae (data not shown).

Histology of mouse lung tissue after Shigella challenges.
After two sequential intranasal challenges with S. flexneri 2a,
mice typically had residual lymphohistocytic aggregates and
infiltrates in the interstitium surrounding the airways and ves-
sels that were indicative of prior antigenic stimulation (Fig.
2B). Twenty-four hours after a third challenge with 10-fold
more shigellae, acute suppurative bronchiolitis was observed in
the lungs of both naive and previously challenged mice (Fig. 3).
At this time, numerous intracellular bacteria were present in
the bronchiolar and alveolar epithelia of control mice (Fig.
3A), while intracellular bacteria were rarely present in the
epithelia of immunized mice (Fig. 3B). No bacteria were seen
in sections of lungs from mice that were challenged with saline
alone and sacrificed at the same time as the mice that were
challenged with S. flexneri 2a (data not shown). Both immu-
nized and control mice were characterized by focal areas of
pneumonia and hemorrhage with necrosuppurative bronchioli-
tis 48 h after challenge; however, few intraepithelial bacteria
were observed in the lungs of either group at this time (data
not shown).

Antibody response against somatic antigen. Both primary
and secondary mucosal immune responses were evaluated be-
cause significant protection against a lethal intranasal chal-
lenge dose of S. flexneri 2a was observed only after two suble-
thal pulmonary infections. The relative levels of local antibody
recognizing S. flexneri 2a LPS were determined by ELISA with
undiluted lung lavage aspirates. These samples were collected
from euthanized animals after either one or two pulmonary
infections (Fig. 4). A primary IgM response was detected 2
weeks after a single intranasal challenge, and within 4 weeks,
all three isotypes were detectable at low levels (Fig. 4A). A
second group of animals was challenged twice (day 0 and day
28), and classic secondary IgG and IgA immune responses
were seen 2 weeks after the second challenge (Fig. 4B). Ele-
vated levels of IgG were maintained in lung lavage fluid for
more than 6 weeks, while the IgA and IgM levels waned within
5 weeks (Fig. 4B). The reciprocal geometric mean titers of
serum antibody recognizing S. flexneri 2a LPS 2 weeks after a
second sublethal intranasal challenge were 1,691 (IgG), 80
(IgA), and 183 (IgM) (data not shown).

ASC. Trafficking of antibody-secreting B-cell lymphoblasts
(ASC) to distal tissues after one or two pulmonary Shigella
infections was measured in spleen cells with S. flexneri 2a LPS
as the antigen. A single infection generated a primary re-
sponse, consisting mainly of IgM ASC, which was detectable
within 1 week. This primary response peaked at 2 weeks and
was still detectable at 4 weeks (Fig. 5A). Two infections stim-
ulated a secondary response characterized by a transient in-
crease in IgM ASC and by a dramatic increase in trafficking
IgA ASC (Fig. 5B). Surprisingly, trafficking IgG ASC were not
detected after one immunization, and after two challenges,
only very low numbers (<5 ASC per 10° cells) were found.

Immunoblot analysis of anti-Ipa response. After a single
sublethal challenge with S. flexneri 2a, serum IgG recognizing
IpaB was readily detectable, and this response was enhanced
after a second challenge (Fig. 6). Interpretation of the IpaC
response was confounded by IgG recognizing a protein of
similar molecular mobility in the plasmid-negative S. flexneri 5
control strain, but the intensity of antibody binding at the
expected molecular mobility of IpaC in the lysates of plasmid-
positive strains suggested that primary and secondary IgG re-
sponses were also developed against this protein. Serum IgA
recognizing IpaB was detectable only after a second sublethal
challenge with S. flexneri 2a. Immunoblots of lung lavage fluid
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gave evidence of a primary IgG response against IpaB with a
weak response against IpaC. A prominent IgG secondary im-
mune response against IpaB and IpaC was seen after a second
sublethal challenge (Fig. 7). Mucosal IgA recognizing IpaB
and IpaC was also detectable after a second challenge.

Pulmonary cytokine levels. Lung lavage fluid was collected
prior to challenge (0 h) and 6, 24, 48, and 72 h after intranasal
challenge of immunized or control mice with a lethal dose of S.
flexneri 2a. TNF-a responses were detected in both naive and
immunized mice 6 h after challenge, with higher values in the
latter animals (Fig. 8A). After 24 h, TNF-a levels began to
decline in the immunized animals, while levels in control mice
peaked. Controls maintained significantly higher values at 48
and 72 h. IFN-y was detectable in all immunized mice and in
some of the control mice 6 h after challenge (Fig. 8B). At this
early time point, IFN-y levels in immune mice were signifi-
cantly higher than those in controls. This cytokine peaked at 24
h and began to decline within 48 h, with no significant differ-
ences between immunized and control mice. The detection of
TNF-a and IFN-y indicated that the Shigella infection acti-
vated the Th, type of T helper cell response in both naive and
immunized mice. Production of IL-4 was monitored in lung
lavage fluid to determine whether the Th, type of response was
also stimulated during infection. Only the immunized mice
produced a local IL-4 response to infection, with significantly
higher values detectable at 24 and 48 h (Fig. 8C). This cytokine
peaked at 48 h and returned to baseline by 72 h. Serum cyto-
kine levels were measured at the same time points, and values
above baseline were detected at 6 h for TNF-a and at 48 h for
IL-4 only in immunized animals (data not shown).

FACS analysis. As suggested by histological evaluation (Fig.
2), FACS analysis indicated that the resident Mac-1-positive
monocyte population in the immunized mice was eightfold
greater than that in control animals (Fig. 9). The influx of
monocytes was enhanced during the first 24 h in the immu-
nized group, and this cell type peaked at 48 h in both immu-
nized and control groups. After 72 h, monocyte levels de-
creased in the immunized mice while remaining at the peak
level in naive controls.

DISCUSSION

Previous studies have described the histological features of
pulmonary Shigella infection (26), and we have confirmed that
shigellae invade the bronchiolar and alveolar epithelia in this
model. Cultivation of homogenized lung tissue from moribund
mice yielded pure cultures of S. flexneri 2a, while no shigellae
were cultured from the spleen, liver, intestine, or blood of
these animals (unpublished data). Thus, shigellae remain lo-
calized in the pulmonary epithelium, and this localized infec-
tion elicits an inflammatory response that is reminiscent of
intestinal shigellosis (21). In the current studies, intranasal
challenge established sublethal Shigella infections in mice, and
the protective mucosal immunity elicited by these infections
was demonstrated and analyzed. Two intranasal challenges
with sublethal doses of S. flexneri 2a resulted in significant
survival of mice challenged with a dose that was lethal for a
group of naive control mice. Mice immunized by sublethal
intranasal S. flexneri 2a challenge were not protected from
challenge with Shigella sonnei expressing heterologous LPS.
Intraperitoneal immunization with live S. flexneri 2a elicited
high titers of circulating antibody that did not protect against
intranasal challenge with homologous organisms (unpublished
data). Thus, locally produced, LPS-specific antibody is appar-
ently crucial for protection against lethal pneumonia in this
model.
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FIG. 2. Histology of mouse lung tissue 35 days after the second of two sham inoculations with saline (A) or after a second sublethal intranasal challenge with S.
flexneri 2a (B). The control mouse is essentially normal, while the immunized mouse has extensive peribronchiolar and perivascular aggregates consisting of
macrophages and lymphocytes (arrows) associated with more than 50% of the bronchioles. Magnification, X90.
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FIG. 3. Histology of mouse lung tissue 24 h after intranasal challenge with a lethal dose of S. flexneri 2a. (A) Numerous bacteria are visible in the bronchiolar and
alveolar epithelia (arrows) of the control mouse. (B) Bacteria were rarely seen in the epithelia of immunized mice. Both control and immunized mice experienced acute
suppurative bronchiolitis progressing to focal pneumonia at 24 and 48 h. Magnification, X540.
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FIG. 4. Development of pulmonary antibody recognizing S. flexneri 2a LPS
following one (A) or two (B) sublethal challenges. Antibody was assayed in
undiluted lung lavage samples by ELISA. Each bar is the mean of samples from
six animals; error bars represent 1 standard error.

Intranasal inoculation with sublethal doses of S. flexneri 2a
stimulated high levels of pulmonary IgG and IgA and moder-
ate levels of IgM antibodies specific for LPS. Local and hu-
moral IgG and IgA antibody recognizing IpaB or IpaC pro-
teins, the determinants of the invasive phenotype (9), were also
stimulated by pulmonary Shigella infection. In contrast, IpaA,
IpaD, and the IcsA proteins were not recognized by antiserum
from mice challenged with S. flexneri. Since the latter viru-
lence-associated proteins are typically recognized by convales-
cent-phase serum from monkeys or humans (19), the immune
response of BALB/cJ mice against the Ipa proteins differs
somewhat from that evoked by shigellosis in monkeys or hu-
mans.

In previous studies involving intranasal vaccination of mice
with live attenuated Shigella vaccines (12), it was found that
serum LPS antibodies are chiefly of the IgG and IgM isotypes
while serum IgA levels tend to be very low. A similar serum
antibody isotype distribution was observed in the current study,
suggesting that the predominance of IgA found in pulmonary
lavage fluid reflects IgA-secreting B cells residing in the lung
mucosa. As an alternative to collecting lung lavages, trafficking
ASC in the spleen were monitored as a reflection of antibody
levels in the lungs. The ASC results showed that IgA- and
IgM-secreting cells, which were induced as a result of pulmo-
nary infection, traffic through the spleen and populate the
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FIG. 5. Development of splenic ASC specific for S. flexneri 2a LPS following
one (A) or two (B) sublethal challenges. ASC were detected by an ELISpot
assay. Each bar is the mean of results from six animals; error bars represent 1
standard error.
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FIG. 6. Immunoblot analysis of serum pooled from mice that were bled 2
weeks after an initial sublethal challenge with S. flexneri 2a or 2 weeks after a
second challenge. Serum IgG recognized the IpaB plasmid-encoded protein after
the first challenge, and serum IgA recognizing this protein was detected after the
second challenge. The whole-cell bacterial antigen lysates were prepared for
plasmid-containing (+) and plasmid-cured (—) isogenic strains of S. flexneri
serotype 5.

common mucosal system. On the other hand, IgG-secreting
cells were detected at comparatively low levels even though
high levels of IgG were detectable in lung lavages. It is possible
that IgG ASC traffic predominately through peripheral lym-
phoid tissues following immunization. In guinea pigs chal-
lenged by the conjunctival route, the majority of LPS-specific
ASC found in the superficial and posterior cervical nodes fol-
lowing immunization are of the IgG isotype (8). In any event,
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FIG. 7. Immunoblot analysis of lung lavage fluid pooled from mice eutha-
nized 2 weeks after an initial sublethal challenge with S. flexneri 2a or from mice
euthanized 2 weeks after a second challenge. IgG recognizing both the IpaB and
IpaC plasmid-encoded proteins was detected after the first challenge, and IgA
recognizing these proteins was detected after the second challenge. The whole-
cell bacterial antigen lysates were prepared for plasmid-containing (+) and
plasmid-cured (—) isogenic strains of S. flexneri serotype 5.
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FIG. 8. Time course of cytokine expression following lethal challenge of mice
that had been previously challenged twice with sublethal doses of S. flexneri 2a
(immune) or sham inoculated with saline (control). TNF-a (A), IFN-y (B), and
IL-4 (C) were assayed by ELISA with undiluted lung lavage samples. Each bar
is the mean of samples from three animals; error bars represent 1 standard error.
Asterisks denote time points at which significant differences were found between
the immune and control groups (P < 0.05).

direct measurement of antibody levels in lung lavage fluid
provided the most accurate reflection of local antibody re-
sponse.

The time course of local cytokine production reflected the
immune status of the animals at the time of challenge. For
example, the sustained elevation of TNF-a levels that was seen
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FIG. 9. FACS analysis of the percentage of Mac-1-positive cells in the lungs
of mice euthanized at various times after intranasal challenge with a lethal dose
of S. flexneri 2a. Immune mice had been challenged twice with a sublethal dose
of the same strain, while control mice had no previous exposure to shigellae.
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in the control mice compared with that in immunized mice
correlated with FACS analysis showing a prolonged increase in
the proportion of monocytes or macrophages in the lung tissue.
TNF-a secreted by these infiltrating macrophages may elicit
tissue damage. Crohn’s disease is an inflammatory colitis me-
diated by locally synthesized cytokines such as TNF-a (11), and
increases in circulating levels of TNF-a and IFN-y are also
seen in humans challenged with S. sonnei (17). Thus, Shigella
infection has some of the characteristics of endotoxic shock
(14, 23), with elements of the Th, T-cell response (15) playing
a prominent role.

IFN-v levels were elevated in the lungs of both immunized
and control mice, but the elevation was detected at an earlier
time point in the former animals. This rapid IFN-y response
could serve to increase the microbicidal activity of infiltrating
macrophages (18). Such activated macrophages would have
enhanced bactericidal activity (18), and this cell-mediated re-
sponse, in conjunction with secretory IgA, may account for the
decreased bacterial load seen in histological sections of lungs
from immunized mice. In contrast to the inflammatory cyto-
kines, the IL-4 response was detected only in immunized ani-
mals, indicating that previous Shigella infection activated Th,
lymphocytes. The presence of IL-4 at 24 and 48 h after chal-
lenge may have inhibited the further production of TNF-a,
thus curtailing the damaging effects of excessive production of
the latter cytokine (16).

Characterizing immune responses which protect against
shigellosis, and distinguishing these from responses which con-
tribute to pathogenesis, has been difficult in intestinal models
of infection. In the mouse intranasal challenge model, much of
the pathology appears to be due to the effects of an extended
inflammatory response. This response is similar to that ob-
served in intestinal shigellosis, and both the cellular and hu-
moral responses elicited by pulmonary infection are also sim-
ilar to the human response to bacillary dysentery. Thus, the
intranasal challenge model should be useful for evaluation of
the protective immune response and for characterization of
specificity of Th, and Th, T-cell subsets activated by Shigella
infection.

ACKNOWLEDGMENTS

We are grateful to Eugenia Dragunski of the U.S. Food and Drug
Administration for suggesting to T.L.H. the application of the mouse
intranasal challenge model for evaluation of the immunobiology of
Shigella infection. We also thank Douglas Sharpnack and Mac Holt for
histological evaluations of Shigella infection during development of the
intranasal challenge model and Smiley W. Austin for technical assis-
tance in performing the mouse experiments.

REFERENCES

1. Black, R. E., M. M. Levine, M. L. Clements, G. Losonsky, D. Herrington, and
S. Berman. 1987. Prevention of shigellosis by a Salmonella typhi-Shigella
sonnei bivalent vaccine. J. Infect. Dis. 155:1260-1265.

2. Brewer, N. R. 1983. Respiratory physiology, p. 252. In H. L. Foster, J. D.
Small, and J. G. Fox (ed.), The mouse in biomedical research: normative
biology, immunology, and husbandry. Academic Press, Inc., New York.

3. Buysse, J. M., C. K. Stover, E. V. Oaks, M. Venkatesan, and D. J. Kopecko.
1987. Molecular cloning of invasion plasmid antigen (ipa) genes from Shi-
gella flexneri: analysis of ipa gene products and genetic mapping. J. Bacteriol.
169:2561-2569.

4. Czerkinsky, C. C., L. A. Nilsson, H. Nygren, O. Ouchterlony, and A.
Tarkowski. 1983. A solid-phase enzyme-linked immunospot (ELISPOT) as-
say for enumeration of specific antibody-secreting cells. J. Immunol. Meth-
ods 65:109.

5. Formal, S. B., E. V. Oaks, R. E. Olsen, M. Wingfield-Eggleston, P. J. Snoy,
and J. P. Cogan. 1991. The effect of prior infection with virulent Shigella
flexneri 2a on the resistance of monkeys to subsequent infection with Shigella
sonnei. J. Infect. Dis. 164:533-537.

6. Freter, R. 1956. Experimental enteric Shigella and Vibrio infections in mice
and guinea pigs. J. Exp. Med. 140:411-418.



1954

~

oo

10.

11.

12.

13.

14.

15.

16.

17.

18.

VAN DE VERG ET AL.

. Hartman, A. B., C. J. Powell, C. L. Schultz, E. V. Oaks, and K. H. Eckels.

1991. Small-animal model to measure efficacy and immunogenicity of Shi-
gella vaccine strains. Infect. Immun. 59:4075-4083.

. Hartman, A. B., L. L. Van De Verg, H. H. Collins, D. B. Tang, N. O. Bendiuk,

D. N. Taylor, and C. J. Powell. 1994. Local immune response and protection
in the guinea pig keratoconjunctivitis model following immunization with
Shigella vaccines. Infect. Immun. 62:412-420.

. High, N., J. Mounier, M. C. Prevost, and P. J. Sansonetti. 1992. IpaB of

Shigella flexneri causes entry into epithelial cells and escape from the phago-
cytic vacuole. EMBO J. 11:1991-1999.

LaBrec, E. H., H. Schneider, T. J. Magnani, and S. B. Formal. 1964. Epi-
thelial cell penetration as an essential step in the pathogenesis of bacillary
dysentery. J. Bacteriol. 88:1503-1518.

MacDonald, T. T., S. H. Murch, S. W. Nicholls, and E. J. Breese. 1993.
Intestinal cytokines in inflammatory bowel disease and invasive diarrhea.
Trans. R. Soc. Trop. Med. Hyg. 87:23-26.

Mallett, C. P., L. VanDeVerg, H. H. Collins and T. L. Hale. 1993. Evaluation
of Shigella vaccine safety and efficacy in an intranasally challenged mouse
model. Vaccine 11:190-196.

Mel, D. M., A. L. Terzin, and L. Vuksic. 1965. Studies on vaccination against
bacillary dysentery. 1. Immunization of mice against experimental Shigella
infection. Bull. W.H.O. 32:633-636.

Michalek, S. M., R. N. Moore, J. R. McGhee, and S. E. Mergenhagen. 1980.
The primary role of lymphoreticular cells in the mediation of host responses
to bacterial endotoxin. J. Infect. Dis. 141:55-63.

Mosmann, T. R., and R. L. Coffman. 1987. Two types of mouse helper T-cell
clones. Immunol. Today 8:223-227.

Mulligan, M. S., M. L. Jones, A. A. Vaporciyan, M. C. Howard, and P. A.
Ward. 1994. Protective effects of IL-4 and IL-10 against immune complex-
induced lung injury. J. Immunol. 151:5666-5674.

Munoz, C., S. Baqar, L. Van De Verg, J. Thupari, S. Goldblum, J. B. Olson,
D. N. Taylor, G. P. Heresi, and J. R. Murphy. Characteristics of Shigella
sonnei infection of volunteers: signs, symptoms, immune responses, changes
in selected cytokines and acute phase substances. Am. J. Trop. Med. Hyg., in
press.

Nathan, C. F., H. W. Murray, M. E. Wiebe, and B. Y. Rubin. 1983. Identi-
fication of interferon-gamma as the lymphokine that activates human mac-

INFECT. IMMUN.

rophage oxidative metabolism and antimicrobial activity. J. Exp. Med. 58:
670-689.

18a.National Institutes of Health. 1985. Guide for the care and use of laboratory

19.

20.

21.

22.

23.

24.

25.

26.

27.

animals. NIH publication 86-23. National Institutes of Health, Bethesda,
Md.

Oaks, E. V., T. L. Hale, and S. B. Formal. 1986. Serum immune response to
Shigella protein antigens in rhesus monkeys and humans infected with Shi-
gella spp. Infect. Immun. 53:57-63.

Sasakawa, C., K. Kamata, T. Sakasi, S. Y. Murayama, S. Makino, and M.
Yoshikawa. 1986. Molecular alteration of the 140-megadalton plasmid asso-
ciated with loss of virulence and Congo red binding activity in Shigella
flexneri. Infect. Immun. 51:470-475.

Speelman, P., I. Kabir, and M. Islam. 1984. Distribution and spread of
colonic lesions in shigellosis: a colonoscopic study. J. Infect. Dis. 150:866—
903.

Stein-Streilein, J. 1988. Immunobiology of lymphocytes in the lung. Reg.
Immunol. 1:128-136.

Tracey, K. J., B. Beutler, S. F. Lawry, J. Merryweather, S. Wolpe, I. M.
Milsark, R. J. Hariri, T. J. I. Fahey, A. Zentella, J. D. Albert, G. T. Shires,
and A. Cerami. 1980. Shock and tissue injury induced by recombinant human
cachectin. Science 234:470-474.

Van De Verg, L. L., H. H. Collins, C. P. Mallett, and T. L. Hale. 1993. Local
pulmonary immune responses in a mouse intranasal Shigella challenge
model, abstr. E-26, p. 147. In Abstracts of the 93rd General Meeting of the
American Society for Microbiology 1993. American Society for Microbiol-
ogy, Washington, D.C.

Voino-Tasenetsky, M. V., and T. N. Khavkin. 1964. A study of intraepithelial
localization of dysentery causative agents with the aid of fluorescent anti-
bodies. J. Microbiol. 12:98-100.

Voino-Yasenetsky, M. V., and M. K. Voino-Yasenetskaya. 1962. Experimen-
tal pneumonia caused by bacteria of the Shigella group. Acta Morphol.
Acad. Sci. Hung. 11:439-454.

Westphal, O., and K. Jann. 1965. Bacterial lipopolysaccharides. Extraction
with phenol-water and further applications of the procedure, p. 83-91. In
R. L. Whistler (ed.), Methods in carbohydrate chemistry, vol. V. Academic
Press, Inc., New York.



